Abstract-A active phased array antenna has been developed that is capable of wide scanning angle with small deviation in antenna gain using printed dipole antennas with parasitic element, which may have the capability of adjusting the influence of mutual coupling in the array element pattern. The design of the parasitic element is examined and the effect of its shape on pattern characteristics is confirmed. Beam scanning angles of 58 degrees in the ϕ = 0 • plane were obtained for each array antenna pattern.
INTRODUCTION
Microstrip array antennas are widely used for radars [1] [2] [3] . There are several advantages to using microstrip array antennas: A high gain antenna with a narrow beamwidth and high resolution is achieved when identical aperture dimensions are a requirement.
Phased array antennas using printed dipole antennas are required to scan large angles. Therefore, we have tried to develop an array antenna capable of electronic beam scanning with small deviation in antenna gain at large angles. For the antenna element, notch [4] , dipole, slot line [5] [6] [7] , and patch antennas [8] have been compared because they require limited mounting space and crosspolarisation. The dipole antenna was selected.
However, if the spacing between element antennas is dense in order to obtain large angle scanning, mutual coupling between elements is so strong that the antenna gain deviates from changing monotonically with angle in the array element pattern. Thus, when the beam is made to scan electronically, the antenna pattern will be composed of all array element patterns, leading to fluctuation in antenna gain with directional angle. This deviation or ripple in antenna gain will affect the precision of angle measurement when searching for an object using the angular difference in the strength of reflected signals, and thus cause deterioration in object search or tracking performance.
In order to solve the above problem, we have used a printed dipole antenna [9, 10] with parasitic element capable of adjusting the influence of mutual coupling in the array arrangement and correcting deviations or fluctuations in the array element pattern without losing any emission energy [11, 12] .
The paper examines how to design the parasitic element and confirms the effect of its shape on pattern characteristics. Details of the proposed antenna design and experimental results are presented and discussed. The form of coupling feed is used at the reverse side of substrate. For achieving efficient excitation and good impedance matching, the length of the protruded strip is denoted as l1, l2, l3 and w of which the optimal length are found to be 14 mm, 15 mm, 14 mm and 2 mm. By varying the length of l1, l2, l3 and w, the wideband operation of the microstrip printed dipole antenna can be excited with good impedance matching. The maximum impedance bandwidth (2.5-4.0 GHz) is formed.
ANTENNA DESIGN
The maximum gain of an isolated element is shown in Fig. 2 . From these results, the gain as a dipole antenna alone show that the difference caused by a ±20% change in D was small enough to be negligible. However, when P was increased from −20% to +20%, the antenna gain is changed, revealing the strong effect of the parasitic element. Figure 2 . Isolated element pattern using parasitic element.
Comparison of design centre values for an isolated element in ϕ = 0 • plane pattern and ϕ = 90 • plane pattern when using the parasitic element is shown in Fig. 3 . In the ϕ = 0 • plane pattern, the beamwidth for a dipole antenna with parasitic element became approximately 90% of the value of the beamwidth without parasitic element. A similar phenomenon is seen in the ϕ = 90 • plane pattern, in which beamwidth for a single element is approximately 70% of the value of the beamwidth without the parasitic element. Therefore it is surmised that the addition of the parasitic element has reduced the effect of mutual coupling. 
EVALUATION OF BEAM FORMATION AND SCANNING CHARACTERISTICS OF PHASED ARRAY ANTENNA
In general, the array element pattern E an (θ) is known to differ from the isolated element pattern E in (θ) due to effects of mutual coupling.
Here d, k, θ, E an (θ), G 0 , E in (θ), and S mn represent array spacing, wavenumber, angle from array bore site, array element pattern when only the nth antenna element is active, the others loaded for impedance matching, real part of admittance, isolated element pattern when nth antenna element is placed independently from the array, and the (m, n)th element of the scattering matrix S, respectively. In order to design an array antenna which performs beam scanning without generating a grating lobe in a phased array antenna, element distance must satisfy:
Here, d, λ, and θ max represent array spacing, wavelength, and maximum scanning angle, respectively. When frequency is fixed, scanning a wider angle means having a smaller element distance. However, having a smaller distance between antenna elements will increase mutual coupling between antenna elements, which generates deviations such as ripple or fluctuation in antenna gain. The element distance from the desired scanning angle, θ max and wavelength were calculated using (2) . Next, the dimensions of the parasitic element and the distance between the parasitic element and dipole antenna were changed and the deviation in element pattern measured for ripples or fluctuations in the amplitude of the array element pattern. Based on the results, the following requirements need to be satisfied when determining adjustment of the parasitic element.
(i) The beamwidth of the array element pattern necessary for scanning the beam over a large angle is maximised. (ii) Improvement in gain from the array element pattern is maximized. (iii) Deviation in array element pattern with angle (range of angle which reduces gain by 3 dB) is minimised. In general, an array antenna pattern is represented as a multiple of the array element pattern and an array factor. Therefore, it is evident that the change in gain in the forward direction during beam scanning by the array antenna changes at the same rate as the beam shape of the array element pattern
Here, i n represents the incident wave on the nth element. Figure 4 shows the change in main beam direction when the beam is scanned by applying the Taylor distribution [13, 14] with sidelobe level −30 dB andn = 5 on the 30 × 30 plane array. As a result, the beam scanning range (half value width) obtained was ±58 • . 
CONCLUSIONS
The paper discusses one method to determine the element antenna shape for an array antenna to perform beam scanning over a wide angle. Applying a dipole antenna with parasitic element on an element antenna enabled increase in the beamwidth of the array element pattern and reduced gain fluctuation. With results it was confirmed that the design was capable of forming wide angle beam scanning and shaping as well as performing satisfactory pattern scanning and forming. This design method has been demonstrated to be applicable to dipole antenna arrays.
